Information about polydisperse colloidal systems was obtained by dynamic light scattering. The correlation functions obtained were analyzed by the histogram method and the method of cumulants. The former was, as a test, applied to a nearly monodispere polystyrene latex. The agreement between the obtained results and the values given by the supplier was rather good. Therefore, this technique was applied to some nonionic microemulsions to determine their particle size distribution. The results obtained were in agreement with our rheological measurements on these systems published previously. The cumulant method was used to follow the diffusion coefficient of the dispersed particles in microemulsions as a function of temperature.
Introduction
Light scattering has proved to be useful in characterizing colloidal systems. This stems largely from the fact that the wavelength of the radiation used in these experiments is of the same order of magnitude as the dimensions of the dispersed particles. Light scattering has long been used by polymer scientists to determine the average molecular weight of macromolecules. In this technique the intensity of the scattered light is extrapolated to zero scattering angle and zero concentration in a so-called Zimm plot. p e same method m be used to obtain dimensions of particles in other systems, as long as they are in the colloidal size range.
With the introduction of the laser a whole new technique became available. Because of the high intensity and optical stability of this light source it is possible to measure fluctuations in the intensity of the scattered light. These can be linked to fluctuations in the dielectric constant of the scattering medium from which, with appropriate models, it is possible to derive the diffusion coefficient of particles in colloidal systems. In the case of spherical particles the Stokes-Einstein relation gives, in sufficiently dilute systems, their radius. This technique is called dynamic light scattering (DLS). ' As our research interest lies largely in the field of microemulsions the first technique cannot be applied, since these systems are in general not dilutable. With DLS the diffusion coefficient of particles in a colloidal system CM be derived directly from measurements on one single sample. This makes it a very attractive method. However, the diffusion coefficient is determined by the dimensions of the particles and their concentration. Therefore, if one wants to determine these dimensions, interparticle effects must be eliminated.
DLS is most valuable for systems in which the dispersed particles are spheres. It is only for this case that the Stokes-Einstein relation gives reliable information. Although there are a number of systems in which all particles are at least nearly spherical, their radius is usually not uniform. Therefore, the determination of the particle size distribution has recieved much attention. has been given by Ostrowsky and Sornette.* In this paper these methods w i l l be applied to a diluted nearly monodisperse polystyrene (PS) latex and to nonionic microemulsions. Special emphasis w i l l be placed on the histogram method. The latex has been used because it contains spherical PS spheres of nearly uniform and well-known size, thus providing a test case for the method used. The microemulsions mentioned are much more complicated systems. In the first place they contain three components, one of which is, in fact, a mixture of different related compounds. Second, the dispersed particles are not always spherical. There are, however, circumstances under which it is likely that these systems do coptain spheres, making it possible to determine their particle she distribution by the histogram method.
Dynamic Light Scattering of Polydisperse
Systems Fluctuations in physical quantities are usually represented in terms of correlation functions. The normdized electric field autocorrelation function g(')( t) of light scattered by a polydisperse colloidal system can be given as2+ In these equations n is the refractive index of the continuous phase, X the wavelength of the radiation in vacuum, 6 ' the scattering angle, D the diffusion coefficient, and G(r) the normalized intensity distrubition function, representing the scattering power, of particles of a given size. The magnitude of the electric field of scattered radiation is proportional to the polarizability of the individual particles, which is in its turn proportional to their volume or mass. Because the intensity of electromagnetic radiation is determined by the square of the electric field it follows that the intensity-and the number-distribution function are related, apart from a normalization constant, as
in which M is the mass of the dispersed particles and a their radius.
If the scattering volume contains a large number of independent scatterers, a condition that usuaUy is satisfied, there is a very simple relation between g(')(t) and the normalized homodyne intensity autocorrelation function
In the case of monodisperse particles it is easy to see that g@)(t) = 1 + e-2rt Usually the measured autocorrelation functions contain mpre than one exponential. If eq 7 and 8 are used to analyse these results, the values for D and a obtained are some kind of a weighted average."' Especially for broad distributions they are hard to interpret.
In principle it is possible to determine the complete particle size distribution from dynamic light scattering.
Solving G(F) from eq 1 seems to be the most simple way, meaning that one has to calculate numerically the inverse Laplace traesform of g(l)(t). Problems of this type have received much attention and expreasions as eq 1 are known as Fredholm integral equations of the first kind. Although their numerical'solutian is conceptually easy this process ig quite Very high precision in g")(t) is needed to get reasonably accurate distributions.1° F q more simple is the method of cumulants in which the logarithm of g(l)(t) is written as a sum of terms.2
in which the factors K, are the mth cumulant and are linked to the moments pm of the intensity distribution as (10) Thus K1 yields the average, Kz the standard deviation, and K3 some information about the skweness of the distribution mentioned." Whereas K1 can be determined quite accurately this is becoming more and more diffucult for the higher cumulants. The error in K 2 is usually reasonable: about 10-20% depending on the quality of the masurements. Values for K3, obtained by this method, often have very little meaning. This implies that the cumulant method gives reliable information only about the mean and about the standard deviation of a distribution. This is a rather incomplete picture, especially for more complicated distributions.
Sometimes there are reasons to assume that the particle size distribution in a colloidal system is of a certain type representable by a function containing just a few parameters. Values for these can be obtained by fitting measured and calculated correlation functions by least-squares procedures. An example sometimes used in the Schultz distribution with two parameters: in which d is the average value for the radius and z is a parameter characterizing the shape. Large values give narrow Gaussian distributions whereas low values of z correspond to broad ones with a positive skewness.
There are many other possibilities, for instance Pearson distribution But all these parameterized distributions share the same disadvantage in that some knowledge about the system is put into the procedure for deriving values of the parameters. Often such information is not available, so that other methods are needed. With the histogram method almost no information is used a priori and it will be described in the next section.
Histogram Method
The distribution function G(r) as introduced in eq 1 can be very complex. In principle, however, it is possible to approximate any function by a histogram. An example is shown in Figure 1 where a distribution function is represented by a discrete sum of m terms. This transforms eq 1 into and consequently
From eq 6 and 13 the homodyne intensity autocorrelation can be obtained, making it possible to derive the unknown coefficients Gj from a least-squares fitting pro~edure.~
In fact a histogram is not fundamentally different from other parameterized distribution functions. Its usefulness With m = 15 thii procedure does not converge to a stable solution, due to the inevitable noise. This means that the histogram given contains the maximum amount of information that can be extracted from the correlation function under consideration. Because the noise in measured correlation functions is usually larger than in this example it is to be expected that in those cases the maximum obtainable value of m will be lower.
Polystyrene Latex Spheres
The previous section provides only a test for the mathematical procedure. In actual measurement, however, at least two complications usually arise. First, there is the inevitable noise on the autocorrelation functions, and, second, the validity of eq 6 is not beyond question.
Therefore, to get an impression about the reliability of the results of the histogram method, measurements on a model system are desirable. Polystyrene latex spheres are ideally suited for this purpose. They were obtained from Polysciences Inc., Warrington, PA, and their radius was given as 330 A with a standard deviation of about 20 A. The latex as received was diluted a hundred times by triply distilled water so that the volume fraction of the spheres in the final solution was about 0.0002. The light scattering experiments were performed in the homodyne mode at 25 OC. The working of this equipment was described previously.12
The experimentally obtained autocorrelation function of the light scattered by the latex is shown in the upper part of easy to calculate. It is given graphically in Figure 4 .
Obviously there are not many particles with a radius larger than 400 A although Figure 3 shows that the light scattered by these is quite significant. This means that because of the strong dependence of scattering on the radius the resulting histogram representation of the particle size distribution contains fewer details than the intensity distribution function. In spite of this minor drawback it results in a number-averaged mean radius d, = 320 A, which corresponds quite well with the value given by the supplier. Our value for the standard deviation, u, = 30 A, is slightly higher than the suppliers one. The overall correspondance, however, may be considered satisfactory.
To get an impression about the reliability of the results obtainable with the cumulant method, the autocorrelation function given in Figure 3 was also used to derive from it the values of dI and uI with the latter method. We found dI = 370 A and uI = 110 A, and these values agree well with those obtained by the histogram method.
The advantage of the cumulant method is that less accurate correlation functions (obtainable in a shorter time, therefore) are required than for the histogram method. Its disadvantage is that less information is abstracted from the correlation function. Without further information about the distribution the values of dI and uI do not provide those of u, and u,.
We will use the histrogram method when we need detailed information about a distribution of particles known to be about spherical. The cumulant method will be applied when we are interested in a trend when changing a system parameter.
Nonionic Microemulsions
General. Microemulsions are colloidal systems composed of water, oil, and one or more surface-active agents. They distinguish themselves from normal emulsions in that they are thermodynamically stable. So the classical picture of an emulsion (spherical droplets dispersed into another liquid and stabilized by a surfactant at the interface) does not necessarily apply to a microemulsion which is defined purely phenomenologically.
In previous papers it was shown that the structure of microemulsion based on the following general type of nonionic surfactants did change considerably as a function of temperature and surfactant to oil ratio.12J3
CnHzn+lC6H40-[ CHz-CH2-0-1,H
This was established primarily by rheological measurements within their domain of stbility. At relatively high surfactant to oil ratios and low temperatures the results indicated a dispersion of spherical droplets and therefore this part of the phase diagram was called the "sphere region". The temperature of composition region where these systems displayed strong viscoelastic effects was called the "network region".
Two points, however, could not be cleared from the rheological measurements alone. In the sphere region the results were not fully consistent with a dispersion of monodisperse droplets. Spheres with a nonuniform radius could account for this and therefore the determination of the particle size distribution is of the utmost importance. Furthermore, dynamic light scattering may give some information about the structure of these systems at the transition zone between the two subregions.
Microemulsions based on the detergents NNP7 (n = 9, m = 6.8) and NDP81/2 (n = 12, f i = 8.3) are the subject of investigation in this paper. These surfactants were Eshuis et al. characterized before.12J3 In all cases n-hexane acted as the oil phase. To establish the particle size distribution in the sphere region the histogram method was used. With the method of cumulants the transition from spheres to a network was investigated.
Sphere Region. Microemulsions in this part of the phase diagram are easily distinguished from those in the network region in that the viscosity of the systems under these circumstances is much lower. In fact it corresponds to the viscosity of a dispersion of individual droplets. Therefore, our results of dynamic light scattering in this region are analyzed by means of eq 7. Only in the case of spherical particles the physical meaning of a thus obtained is clear, otherwise equivalent radius results are obtained. An example of the analysis of a NNP7 system is given in Figure 5 where results are shown for a microemulsion with a composition and a t a temperature as indicated in the legend to the figure. The results for a NDP81/2 microemulsion are presented in Figure 6 .
A small but interesting difference between the two microemulsions is that the NNP7 systems (with u, -40 A) are slightly more polydisperse than those based on NDP81/2 (with u, -20 A). The difference has significance, for the corresponding intensity distributions are very distinct. It is interesting to note that the rheological measurements mentioned before also indicate that " P 7 systems are more polydisperse.
Network Region. Theory of dynamic light scattering in systems that are more complicated than a simple dispersion of spherical particles is not very developed. The Stokes-Einstein relation does not apply and results have to be analyzed in terms of the diffusion coefficient D. As long as the system considered is a dispersion of individual particles in a continuous phase the meaning of this parameter is still clear. If, however, some kind of a temporary network exists in solution the interpretation of the diffusion coefficient as measured becomes difficult; just intuitively we tend to relate it to the local mobility of the network. Data on the diffusion coefficient, as obtained by the cumulant method, in NNP7 and NDP81/2 systems in their domain of stability are presented in Figures 7 and 8 , respectively, in which x is the weight ratio of surfactant to oil. The patterns recognizable in these two sets of graphs are rather different. Although the points show a large amount of scatter it is clear that in Figure 7 D decreases monotonously with temperature whereas a maximum is observed in Figure 8 .
In a previous paper it was shown that the decrease in D can be attributed to the formation of nonspherical parti~1es.l~ This transition seems to be induced by con- formational changes in the ethylene oxide part of the surfactant molecules, as demonstrated for aqueous polyethylene oxide solutions in ref.
14. The results presented in Figure 8 can be explained in the following way. At the lowest temperature the solubility of the PEO chains is highest, making the hydrodynamic radius of the particle larger than the radius of the n-hexane core ( Figure 9 ). When temperature is increased self-association of the chains gives rise to a lower value for this hydrodynamic radius and thus a higher diffusion coefficient. At still higher temperatures the surface of the particles becomes so crowded that it tends to increase resulting in otherwise shaped entities whose diffusion coefficients are lower than those of spheres, like in the case of NNP7 systems. The observed initial increase of D with rising temperature can also be explained with a redispersion of the spheres to smaller ones. Our results on the dynamic mechanical behavior of NDP81/2 systems do, however, indicate otherwise. The large difference in observed behavior between NNP7 and NDP81/2 is not too surprising because it is shown tht small changes in the number of ethylene oxide units in the hydrophylic chain can have a remarkable influence as temperature dependence is concerned. Preliminary results on NNPl2 systems show that still larger changes are observed.
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